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SUMMARY

Wind—tunnel tests of five large—-scale tapsred wings which
had angles of sweep of 0°, %#30°, and :45° have been conducted to
determine the effects of 'both Bcale and sweep on the damping--in-

roll parameter C3_.. Rolling moment and pressure distribuition
p

were measured for each plain wing whils in steady roll for an
angle—of-attack rangs of ~1° to 299, The effects of both Reynolds
number and deflection of partial-span split flaps were determined
from less comprehensive testa. ' Several methods of predicting both
the damping-in-roll and autorotational characteristics of the swspt
wings have been analyzed, and predicted resulis have been compersd
wlth the experimental data.

The variation of CZP with sweep at zero 1ift is shown to .

follow gqulbte accurately the concepts of simple sweep' theory,
provided that correctlions for sspect ratlo based on the span
perpendicular to the plane of symmetry are considered. It was
found that the value of Czp for a swept wing at gero 1lift can

be predicted within 6 percent by eprlying a correction for sweep
to the damping derivative estimated from curves derived from
Aifting—-surface theory for an unswept wing with the same aspect
ratio, taper ratlo, and section characteristics as those of the
awept wing.

The damping in roll increased moderately with 1ift coefficient
below the stall for all wings except the highly swepi—forward wing,
where a lOh-percent increase was observed. Pressure-~distribution
data eccounted for this vhenomenon by indicatlng an increase of
almost 100 percent In the section lift—curve slope at ocutboard
portions of the wing. .
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The magnitude of the autoredtational moment was found to be
reduced by swecp and augmented the deflectlon of partial-spen
split flaps. Predlcted autorcgs dgnal characterlstics of the
ungwept and swept—forward wings as getermined from Glauvert's theory
for autorotation are shown tg be in good agreement with the
experimental results; whereas §gr the swopt—-back wings thoe thoory
was found to be lnapplicable.

TNTRODUCTION

Knowledge of values of the demping-in-roll parameter (3 is
of great importance in dynamlics calculations involving rolling
motion of an airplane. Little experimental data on Cz are
avallable at the pregent time for either conventional or gwept
wings. As a result, estimated damping—-in—roll characteristics
have to be relied upon for dynamlc stability calculations. The
effects of variations in plan form iAvolving aapect ratlio and taper
ratioc on Czp for straight wings have in the past been analyzed

theoretlcally by many suthors. Ususlly they employed the early -
concepte of Glauert, who first used s Fourler series to express the
ciroulation (reference 1), and Munk, who derived the induction
factor for rolling moment (reference 2). FElementary aerodynamic
considerations indicate that C;  would be greatly affected by

P
sweep.. The first—order effects of sweep on Czp have been

vredicted by theory and have been obtained experimentally by brief
investigations made at very low Reynolds number.

In view of the limited amount of experimental and. theoretical
analysls at hand for highly swept wings, an investigation of large—
scale swept—forward aend swepit~back wings was undertaken in the
Ames 40— by 80-foot wind tunnel. Included in this swept-wing
program were: (o) an evaluation and analysis of the static
stability and control characteristics (refercnce 3)}; (b) a comparison
of the span loading for swept wings as calculated by throe
theoretical methods with the expsrimentally measured span. load
distribution (reference U4): and (c) an investlgation of the
damping—in-»roll characteristics reported herein.

The present inveatigatlion covered measurements of rolling
moment together with pressure distribution for the swept wings in
steady roll. The accuracy of various theories are evelustoed by
comparing the mesasured value of Cz for sach swept wing wiith
those computed by a method of Weissinger {reference 4) and by
aimple formulas which correct the CZp value of the umswept wing
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for sweep angle and aspect ratio. Values of C; D for the unswept
wing were estimated by the methods of references 5 and 6.-

SYMBOLS

The symbols used in this report are defined as follows:

pb/ov

G'I,G )

b 72V

rs N
1ift coefficient [\-]‘—(:;'%E

drag coefficient <d—1l§5>
a:

Y
rolling-moment coefficient \/ rolling moment }

\ gsShb /

side—force coefficient (ﬁé&@)
a

rate of change of 1ift czoefficient with angle of attack,
per radian

rate of change of rolling-moment coefficlent with angles
of sideslip, per degree

rate of change of side—force cosfficient with angle of
sideslip, per degres

demping—-in—roll perameter; rate of change of rolling—
moment coefficient with wing—tip helix angle
P N
()
\3pb /2v/

/
section lift coefficient (section 111'15)
~ qc

wing—tlp hellx angle, radians

span—lozding parameter in roll

geometric angle of attack of root chord relative to
tunnel center line, degrees '
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o true angle of attack of root chord relative ‘to aly stream,
degrees -

B angle of sidesllyp, degreeés

A angle of sweep of quarter—chord line, degrees
(Sweerback is positive and sweepforward ia negative.)

A aspect-ratio based on span(%)

At aspect ratlo hased on lsength of guarter—chord line

A
S cos®A /

b wing span measured perpendicular to the plane of
symetry, feet

c chord lenzth at any section of wing measured parallel
to air stream, fest

Ct wing—tip chord, feet

Cop wing—-root chord, feet

Er, effective edge—velocity correctlon factor for rolling

© moment

P angular velocity in reoll, .radlans per second

qQ free—stream dynamic pressure, pounds per square foot

R Reynolds mmber

S wing area, sqguare feet

v free-stream velocity, feet per second

DESCRIPTICN OF APPARATUS

The five large—scale tapered swept wings used in the investige—
tion were the same wings used for the static tests and are fully
described In reference 3., Composed primarily of = set of wing
ransels from sn existin§ alrplane, the wings were given the desired
plan form and sweep (0°, 30°, and 45° sweepforward, 30° and 45°
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sweepback) by the addition of individuslly fabricated tips and center
gections. Plan—form drawings and geometric characteristlcsz of the
five wings are shown In filgure 1. The airfoil sections for each of
the swept wings were dictated by the sections of the wing panel
(NACA 0015 at the inboord end of the pansl and NACA 23009 at the out—
board end). The right wing penel, tips, and center sectlons were
equipped with 180 pressure orifices located at S spanwise statioms.
For the flep-deflected condition, partial-span split flaps were -
attached to the wings at an angle of 60° *, The flaps had a chord
20 percent of the wing chord, wers tapered with the wing chord, and
extended over thes inboard 62 3 percent of the span for all wings.
The condition of the wing surfaces, which had a normal amount of
roughness caused by access hatches and flush rivets, was eguivalent
to that of present—day production.sirplanes.

The rollingwing support stand shown in figure 2 was essentially
an elevated stesl platform on whivh was mownted a 1000-horsepower
variable—spesd Induction drive motor, & gesred reduction unit, and a
13—-inch—diameter steel torque ‘tube m.ounted. in two self—e.lining
bearings, The axis of rotation wes at all times coincident with the
center line of the tumnsl. EFEach of the swept-—wing center sections
was slotted to fit over the end of the cantileversd torque tube,
which provided a means of attechment and adjustment of thse angle of
attack from —1° to 29°,

Instrumentation for the tests consisted of eguipment for messuring
and recordihg continuously the rolling torgue, wing position in the test
section, and pressure distribution. A resistance--type torsion strain
gage equipped with monel slip rings and carbon silver brushes (shown
in figurs 2(a)) wes used in conjunction with a recording oscillograph
to measure the rolling resistance of the wing. A times impulse at
intervalg of 1 second and the positlon of the wing at intervels of
one—quarter cycle were recorded on the torque record, thus providing
a check on the accuracy of an aircrafit tachometer which was used to
estgblish the rolling velocity. For the pressure measurements,
recording manometers were installed in the wing center section. Power
for operation and time impulse for synchronization with the torque
record were supplied through a second set of slip rings also shown
in figure 2(a)}. The two manometers conkained a total of 90 pressure—
recording cells, each of which waz comnected to a pair of pressure
orifices located oppositely on the upper and lower surface in order
to record dirsctly the local differential pressure.

1A11 chords and.spans used in this report were messured parallel and
pernendiculor, respectively, to the plane of symmstry. Flap angles
were measured in a plans perpendiculerr to the flap hinge line,

r
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TESTS AND REDUCTION CF DATA

For the determinntlon of the domplng characteristilcs of the
wings, the torgque variatlon was recorded continuously throughout a
complete cycle In steady roll for each test condition. The dota
for o given conditlion were then reduced to the desired damping
moment by integrating this torque variation for one cycle to obtain
an average rolling moment due to roll.

As outlined in table I, tests wers made at a dynamic pressurs
of ,20 pounds per square foot (R = 5,6 10° to 8,55 x 10° for the
vofious wings based on the M.A.C.) for eight different ongles of
attack varying from —1° to 29° for each swept wing without fleps
(hereafter referred %o os o plain wing). Rolling—torque and
pressure~distribution dota were obtalned at ench attitude for
wing—tip helix angles ranging from Q to 0.1l radian, In addition,
domping-moment tests at the high-speed attitude of each wing wers
made ot dynomlc prsesures of 60 and 120 pounds per square foot
(R = 9.3 X T0% and 12.5 x 10°, respectively, for the unswept wing).

The tests of the wings with 60° partial-span split fleps
(hereafter referred to as flapped wings) were run at a dynamic
pressurs of 20 pounds per square foot. Rolling-moment data were -’ .
obtalned at only the higher angles of attack (9° to 29°) for - ’
pb/2V wvalues renging from O to 0.1l radian. )

In order to present consistent rolling-moment data, the
moments bave been ‘camputed about an axis located gimllisrly in each
swept wing. All the dola have been corrected and presented with
reference to an axls of roll parallel to the air stream and located
such that the quarter M.A.C. point of sach wing panel was Iin puro
roll (l.e., no sideslip velocity). The neceasity for a correction
arises from the Tact that only ot an angle of attack of 0° wos the
chord plane of each wing coincident with the actusl axis of roll,
The method of attachment of the wing to the torgue tube reguired
that the angle of attack be chonged by pliching the wing about a
point which varied for the several wings fram 8 feet aft to L feet
ahead of the guarter M.A.C. point. It is appoarent thot for these
wings in steady roll at any angle of attack other thon 0° a ceriain
amount of sldeslip velocity was introduced ait the guarter M.A.C,
point, A correction based on the rolling moment due to slde—
8lip of each wing, =squal to the increment of damplng—in-roll

Parometer ACy, - shown in table II, has besn ad@g?_qlgg?ygi?q;lbe“

to each measured rolling-moment coefficient. The values of
dihedral effect (‘.t-‘,'ﬁ _Tor each wing for these sideslip corrections
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were obiained from force tests reported in refersnae 3., A correction
resulting from the side—force parameter CYB was caripuved in a
similar manner; it was fourd to be imsignificant and therefore has ~
been neglected.

The problem of tummel-wrll corrections was Investigeted to
determine the effect of boundary interference on the static charac—
teristics of the swept wings. The analysig indicated that the.
average tunnel-srall correction was neerly the seme for any of ths
wings considered. Hsnce, approximats corrections based on the
unswept plan form at the horlzontal positlon in the test section
have heen applied to the angle of attack for ecach swept wing.

A second tunnel-wzll correction which involved the boundary
influence on the damping in roll was investigated. Thls anslysis
was camplicated by the fact that the closed throat modified
rectanguler test section (outline of bounfary mey be noted in back-
ground. off figure 2(c)) varied in width~to-height ratio with the
rotational position of the wing. As an approximation, inmterference
effects wore determined for two positions of the wing (horizontal
and vertical) with & resultant boundary width~to-height ratio of
2:1 and 1:2, respectively. It was asaumed In both cases that the
test sectlon was rectangular end that the static induction effects
of the wing at rest would closely approximate those of the wing in
steady roll. In general, the method employsd was that of Infinite
image systems where each lmage conzisted of an infinite vortex
sheet thd intensity of which varied spanwise approximately as the
antisymietric wing—loading increment gensrabted by the rolling wing.
Computations of the induced effects on the downwash ak Tour sections
of the wing semlspan showed that {or the wing-horizontal conflgure—
. tlon the boundary influsnce varied from o downwash at the downgolng
tip of the wing to an upwash at the upgoing tip. Sparwise integra—
tlon of the variation of induced angle of attack indicated that the
measured damping moments were 2 percent low when the wing was near
the horlzontel position. For the case of the wing in the vertical
poslition, where the infuction effects varied from em upwash at the
dowvngoling wing tin to a downwash at the upgoing tip, the dawping
measurements were 9 percent high, Since thn value of this '
corrsction apperently oscillated between a supporting and a
resisting moment, its effect can be minimlized by determining the
average rolling mament over a complete rolling cycle. This
procedure would then involve & meximum over-all tumel-irall
influence of epproximately 3 percent. The data reported herein
were obtained by such averaging end the wall-interference corrsction
has been neglected.

-

A
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Tests of the torgue tube in roll with the wing removed showed
no measurable friction. The two self-alining bearings were aubjecth
to only 5 percent of their rated load cerrying capaclty when undex
the moximum test load condition. :

RESULTS ARD DISCUSSION

Damping-moment date far the five swept wings, both plain and
flapped, ars presented 1n figures 3 and b, respectively, as vario—
tions of Cy with pb/2V. Values of Ciy, ©3 dotermined from the

slopes of the curves of figurs 3 at pb/zv 0, sare given In figure 5
as & function of a. Also shown in figure 5 are the corresponding
1ift curves taken from reforsnce 3. The variations of OIP with Cy,

shown in figure 6 were cross-mlotted from these data. In figure T
theso results have been summerized in the form of Clp at zero Lift

as a function of sweep. For the flapped wings a similar method was
used to derive corresponding deta shown in figure 8 in the form of
the varlastion of Czn with ©C1. In flgure 9 is shown the variotion

of Czp with R for the verions plain wings at zero 1ift. These

curvea were derived from plots similar So figure £ ror wvaricus values
of dynamic pressure. Results of the pressure-distribution measure-
ments in steady roll are shown in figures 10 and 11. Trve polar
diesgrems (reference, 3) Tor each plsin wing are presented in rigure 12
for use in predicting probsble roglons of rolling instobility. With
the exception of figure 9, all the deta presented in the foregoing
figures were obtalnzd at o dynamic pressure orf 20 pounds per square
foot.

The following discussion of the results of this investigetion
has been divided into thres varts: (1) the effects of sweep on Czp
at zero lift, (2) the effects of lift .on Cj3,, =nd (3} the
autorotationnl chorecteristics, In adéitlon to the discusaion of
the experimental dats, o dbrief snelysis of theoretlcal methods of
predicting the damping characteristics of sweptswings 1s pregented
in parts (1) and (3). Some dilscussion of thsory is given in

part (2) in order to explain trends in the experimental results.
Pressurc—distribution daota have been introduced in the cnalysis
only for the purpose of interpreting portions of the measured domping—
moment data.
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Effects of Sweep at Zero LIft

Comperison of experiment wiith theory.~ Resulits of this

investigation, summarized in figure T, clearly indicate the reduc—
tion in 'Czp at zero 1lift coefficient cavasd by sweeping the wing

panels of a given plan form either forward or backward. This descrease
results from the reduction in lift—curve slope attendant with sweep.
Glavert first showed in reference 7 that the damping of & wing in
roll is & function of Cry + Cp. For the normal range of angle

of attack the wing drag cosfficlent is neglligible as compered with
the lift-curve slope Clye» thereby leaving the damping dependent

principally on Ci,- Fram simple sweep theory and experiment it
has bheen shown that CLQ, for swspht wings verles epproximately as

cos A for constant aspect ratic. Thus, the damping in roll for
gwept wings would then be expected to vary similarly. Since in
the present teste some variatlon in aspect ratio resulted from
sweeping the fixed wing panela, a correction for aspect ratio
variation wes applied. This was done in ordsr to sitow & camparison
hetween the swept-wing test data and the damping cheracteristics

of the swept wings as projected by simple aweep theory from the
messured valuec of C-LP for the unswept wing. These corrections

for sweep and aspect ratio were applied in the following menner:

AN

-
(Czp) = (Clp\t ¥ cOBA X /'——.\5;5;\:{-&—
\ A N T /A =0 £
“-,\J’-‘.‘I’ll:’l_?\ =0
where the subscript A refers to the swepi wings and the subscript
A= O refers to the wing teslted with zero sweep. The term

_A%E is a rolling-moment induction factor (reference 2) derived

from 1ifting-line theory with the aspect ratioc A Tbased on ths
over—all geometric span. The proJjected values of damping.at sweep
given in figure 7 conform well with the measured values of Cip_,
wilth a maximum deviation of b4 percent for the U5° swept— P
forwvard wing. .

Two further comparisons, both of which involve a varlation of
the aspect—ratio correction, ares shown in figurs 7 in the form of
additional projections of the damping &t swsep based or the unawept—
wing data, For the first comperison a modifisd rolling-moment
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inducticn factor A wag employed, where E! is an
AE'e¢+ b ST ec

effective edge~veloclity correction based on lifting-svricce thsory.

(See reference .5.) Bscause of the moderzte variasion in aspect rotilo

of the test winge, the effect of thls edge correction was smali Ior

all the wings except the highly swept-~forward wing, where the

aforementioned deviction of 4 percent incrensed to 11 percent. For

the other camparison a toerm ;T~£1E ~wes used as the aspect-ratlo
b .

correction, where A' is the aspect ratioc bussd on the length of

the quarter—chord line rather than on the true geametric span, As

can be noted in figurs T thls procedurs resulted in poor egreement

with the experimeniel values of (p_ - and does not suppory the theory

posed in earlier swept-wing work topthe effect that the quarter-—

chord line rather than the true span possibly should be used for

determining the effective aspect ratio of a swept wing.

Predicted damping charocteristics.— Since rolling tests of a
new wing design are rarely possible, estimated rotary-dumping
characteristics have to be relicd upon for dynamic—stobility
calculotions, Whiles falrly accurate methods of prodicting the
value of C3p for conventional unswept wings are avallable, no
such analyses for swept wings exlst at the present time in published
form. Two different methods apnecr to offer the most suitable means
of predicting the damping In roll for awept wings vwhich are as
follows: (1) estimate Cip for en equivalent unswept wing and
correct this value by sweep theory, and (2) compute the demping
directly for the swemt wing by employing o theoreticcl method
of determining span loading, such as proposed by Weisainger. (See
reference 4,)

A conmparison of the {wo methods is made In figure 7. 7or the
first procedurs, three different values of Cyp for the test

unswept wing are shown. Two of those velues were determined from
curves 1ln references 5 and 6, while the third velue woug computed
by the Welssinger msthod. The closest asgreement with the oxperi-
mental measurement of Cj (1—per-ent deviation) wes given by

the estimnte from liftinggsufface theory. This value was obtained
by n slight extrapolation of date from relerence 5, which were
increasoed by 6 percent as recommornided in references 8 and 9 to
correct for the effect of square tlpz., In the cose of the value of Cg
computed for the unswept wing by Weizainger's method, which was

T percent low, it was found thot consideration of either ¥ or 15
gpanwige stoations in the theoretical computations made no

P
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perceptible difference in the finsl answer. Since, ag noted
previously, the application of sween theory enabled predictlon of
the effects of sweep within 4 percent, it followes that the damping
in roll for a swept wing can be predicted within 5 percent by
applying sweep theory to a lifting-surface—theory estinate of CZ
for the unswept wing. . .

In the second case, where the damping of a swept wing was
computed directly by use of Welssinger's method, the results
dlsagreed with experiment to such an extent that the method appears
unrelieble. The deviation of the computed C3 from the measured
value varied from 11 percent high Tor the 459 swept-back wing to
T percent low for the 0° swept wing, while the computed results for
the other three wings showed good agreement with the experimental
data. Here again consideration of 15 spanwise statlions .in the.
computations as compared with 7 stations showed no significant
difference in the results for any of the wings.

From an over—all anslysis of the results snown in figure T,
1t may be concluded that the optirmm method,from the standpoint of
both reliability end least smount of computetion, of predicting the
damping in roll for a given swept-forward or swepi-—back wing is as
follows: (1) eatimate the Cip for an unswept wing with the same
aspect ratlo, taper ratia, and section characteristics as the swept
wing using curves ccmputed from lifting—surface theory (reference 5},
and (2) correct this value of €3 _ for the effect of the reduction
in lift—curve slope due to sweep.

Reynolds number effect.— The influence of a variation in

Reynolds number on O3 for each of the swept wings at zero 1lift

is shown in figure 9. P Sweep apparently has little if any effect on
the varistion in demping with Reynolds number, since the variation
was uniform for all the wings except ths 45° swept—forwsrd wing.
Teats at Reynolds numbers ranging from 5,600,000 to 20,400,000
(based on the M.A.C.) showed for Cip velues of each wing an

increass which varied from 8 percent-for the unswept wing to

28 percent for the 45° swept—forward wing. Approximately 5 percent
of this increase is atitributable to Tirst—order compressibllity
-effects. Such a largs increment in 01.0 due to Reynolds number
as was msasured for the highly swept—forward wing cannot be

readily explained. A4 possibility exists that, owing to the rather.
lerge damping—in-roll torque (up to 50,000 l'b—-: £), there was some
twisting of the wing panels. However, 1f deflection accounts for
some of the increase, then the damming of the 45° swept—back wing
should haove decreased gince the same panels were employed in both
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plan forms,

Tt should be noted that the experimental results used for the
comparison in figure 7 were measured at a constant test dynamic
pressure and therefore represent data obtained st various Reynolds
numbers based on the M.A.C. At the present time there 1s doubt
as to what dimension should be used in computing the Reynolds number
for swept wings. From the concepts of simple swesp theory it appears
that & dimension perpendicular to the guarter-chord line should be
used to define R, in which case the test resulis of figurse T would
represent data at an approximntely conatant R. Howsver, even if
values of Cip at a constant Reynolds number based on the M.A.C.

are used in the comparison of figure 7, the main concluslons still
apply. Such a comparison at a Reynolds number of 10,000,000 indlcates

that predlicted wvalues of Czp Tor the swept.wings calculated by the

method previously recommended are within 6 percent of the measurcd
values of damping shown in figure 9 for this canstant R,

EfTtectas of Lift

Plain wings.~ The varlations of Czp with angle of atteck and
1ift coefficient are shown in figures 5 and 6, respectivcly, for
sach of the five wings. The damping increased moderately in the
usual lift range below the stall for all the wings except the 45°
swept—forword wing. For this wing a 1lOb-percent increase in
damplng was observed between the Cr limits of O and 1.05. An
accurate check.of these characteristics was obtained from a spanwise
integration of the ' antisymmetric wing loadings as determined from
pressure-distribution measurements. These data for each wimg at
three angles of attack are presented first in figure 10 as the
spanwigse wing-loading increment generated in steady roll, and in
figure 11 as section lift-coefficisnt charachteristics.

Some incrsase in damping (approximately 2 percent for the
unswept wing over the linear portion of the 1lift curve) can be
attributed to the rotation of the resultant force vector at each
section due to the change in angle of attack along the wing. In
the case of the L45° gwept—forward plan form the combined effect of
the nonlinear lift-curve slope (note in fig. 5(a)) and the rocking
of the resultant force vector accounts Por approximately 30 percent
of the Increase in damping. The remalnder is attributed to the fact
that, as may be noted in figure 1l(a), the wing-section lift-curve
slopes are not vonastant'with angle of attack, but rise sharply
(epproximately 100-percent increase) at the outboard wing sections,
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probably owing principally to the drainage of the boundary layer
away from the tipe toward the center section.

Flapped wigﬁs.—- A limited smount of damping—in—roll data was
obtained for each wing with partial—span split flaps deflected 60°,
The results given in figure 8 were determined principally to define
the region of autorotation and are thesrefore inadequate to show
clearly the variation in damping over ths complete range of angle
of attack. However, the resulis do indicate that the value of Cip
nesr maximum 1ift with flaps dsflected ls approximately the same -
as the maximum value of damping meaosursd for the plain wing.

Avtorotational Chsracteristics

Teats at angles of attack above the normal operating range were
included in the present inveaztigation for the purpose of determining
the tendencies toward autorotation and reglons of auntorotetion For
each of the five wings, both plain and flapped. The results, shown
in figures 3 and 4 for the pleln and flapped wings, respectively,
have been presented only in the form of tke rolling-mament coeffi-—
clent C3; as a function of the wing—tip helix angle pb/EV. No

attempt has been mede to evaluate Cln in the unatable region in

view of the fact that, when a wing approaches an unstable condition,
Cy, ceases to be a linear function of pb/2V and the wvalue of Czp

then has l1ittle aignificance.

A general comparison of the results indlcates that sweep
reduces and flaps increase the magnitude of the esutorotational
moment., For either the highly swept~forward or highly swept-back
plain wing the meximum angle of eattack attainable with the apparatus
(29°) was not sufficient to permit autorotation., However, instella—
tion of 60° split flaps on these two hignly swept wings caused
instability for the L5° swept—back wing but caused the 45° swept—
forward wing to becoms a little mors stable.

From the data it can be observed that for the unswept and swept—
Torwsrd wings autorotavion occurred at an angle of attack beyond +the
stell peak. This phenomenon is explainable by Glaueri's general
theory for the sutorotation of a wing (reference T), in which the
region of rotery instebility ls detsrmined by the criterion

C, +Cp < O
Ly D
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where the angle of attack o 1s 1n radlans, This theory is based
on the supposition that the section characteristics ere constant
across the span, 8lnce Op i1s always poaitive, autorotzitlon will
occur when the negatlve slope of GL@ beyond the stalling anglo ls

sufflciently great to outweigh +the value of Cp. Therefore, from

& true polar diagram for the wing the probeble limits of ongle of
attack for autorotation can be deitermined graphically. Any point

on the polar curve at which the slows is perpendlculer to a radial
line through the origin of the coordinate axes would, from Glausrt's
crlterion, indicate an attitude of the wing where elther autorotation
sets In or stabllity returns.

In figure 12,true poloar diagrams for each plain ving :
(reference 3) are presented together with the anglé of attack for
rotary instebllity as predicted and zs measured experimentally., In
this comparison 1t will be noted that the theoretical predictions _.
agreed well with the test data, as far s 1t went, for ilhe unswept
and swept—forward plan forms, while little conformity resulted with ' o
the swept-back plan forms. This is understandable because, as noted
prreviously, the theory is bascd on the assumption that the secition
charecteristics are constant slong the span; this agsumption is
especially Important for the outboard sections, which exert the
greatest influence on the demplng characteristics. Such a conditlon -

“of uniformity ig not realized ucross the apen for the swepi-pack
i plan forms, since the efficiency of the outer sectlions of the swept—

back wing 1s impalired by the spanwlse drainage of the boundary loyer

toward the tips. In filgures 3(d) and 12 the deta show that the

30° gwept-back wing autorotated at an angle of attack of 19°, which

ia below the stall penk., Thiz resilt is confirmed by the span—
loadling-increment variation determined Trom the msasursd pressure

date which is shown in figure 10(b) for this aititude. -

From these results it moy be concluded that Glauert's auto—
rotation theory provides a falrly reliable Indication of the auto—
rotational characteristics for unswent and swept-forward wings
of the type inveatigated but is unreliable Zor wings, such as those
wlth sweepbeck, which possess early tip-stalling cheracteristics.

CONCLUSIONS
From wind—tummel tests to determiné the domping—in—roll

characteristics of large—sczale tapered wings hoving angles of aweep -
of 0°, £30°, and *45° the following conclusions mey be drown
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{, The demping—in-roll parametex Cyp for swept wings at

zero lift decreocsed proportionally to the cosine of the angle of
sweep for constant aspect ratic bazed on the conventional spean.

2. The value of CIP for swept~forward or swept—back wings

at zero 1ift can be predicted within 6 percent by estimating the
CZp for an equivalent unswept wing by lifting-surface theory and

correcting this valus for the effects of sweep by simple sweep
theory.

3. Results of Weisainger's theoretical span~loading computo—
tione for the .Czp of each wing were inconsistent with the

experimental data.

k, For an increase in Reynolds number of approximately
10,000,000 the . C_z,P at zero lift increased graduclly cnd uniformly

for all sweep angles except in the case of the 450 swepi—forward
wing, where a relatively large increcse of 28 percent occurred.

5. 3Below the stall, C-LP increcsed moderately with 1ift

coefficient for esch of the wings excent in the case of 45° swept—
forward wing which exhibited a 10h-—percent incresse. Pressure—
distribution measurements showed that over an outbocrd portion of
this wing the section lilt—curve slope .almost doubled throughout
the 1ift range, and this change accounted for o major portion of
the abnorm=l variation in dawmping,

6. Deflection of perticl-span split flaps had no apprscisble
effect on the valus of C?,p' for the wings nesr maximum 1ift.

T. The magnitude of the sutorotational moment wos reduced
by swesp and augmenied by the deflection of perticl-spoan split
Tlaps. .

8. Glauert!s theory for autorotation is fairly relisble for
predicting regionz of rotary lnstability for unswept and swept—
Forward wings of the type investlgoited but is not applicable to
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wings, such as those with sweepback, which possess early tip-
stalling charocteristics,
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TABLE I
INDEX TO THE BASIC-DAT: FIGURES
Figure number
a A ,f C.C o
Wing Sy c "‘%"'} L
. 1 .V8 \pb/2V 'L
. condition [(Ib/sq £t)} (deg) ob /2v ve span vs R
~45° plgin 20 ~l, 1.5, 4, 9, 14, 3(a) 10(a) 9
19, 24, 29
plain 60 -1 9
plain 120 ~1 9
flapped 20 1k, 19, 24, 29 4(a)
—~30° plain 20 -1, 1.5, 4, 9, 1k, 3(b) 10 (a) Q
19, 24, 29
plain 60 - 9
plain 120 -1 9
flapped 20 . 14, 19, 24, 29 h(a)
0° plain 20 ~1, 1.5, 4, 9, 1k 3(c) 10(b) 9
19, 24
plain 60 -1 9
plain 120 -1 9
flapped 20 1k, 19, 24 | 4 (b) .
300 plain 20 -1, 1,5, 4, 9, 14 | 3(4) 10(b) 9
19, 24, 29 '
plain 60 -1 9
plain 120 , -1l . 9
flapped 20 9, 1k, 19, 24 h(c)
45° plain 20 -1, 1.5, 4, 9,.1k 3(e) 10(b) 9
19, 24, 29
plain 60 -1 9
plain 125 ~1 9
flapped 20 9, 14, 19 h(c)
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DAMPTNG—-IN~ROLL CORRECTION DUE TO SIDESLIP

TABLE IT

4Cq
L+ %% Wing 'P
(deg)| condition |.L50A —300 Al 0° A 304§ 150 A
o | :plain 0 0 o 0 o
9 plain ~.005 |~,00k 0 0 J-.002
flapped - 012 |-.009 0 0 ~.003
1k plain ~.012 | ~.008 .002 0 }~.00h
flapped ~.022 |-,01L 0 0 |-.006
19 plain ~.021 |~.,009 .003 0 |-.005
flapped ~. 029 |—-.019 ] o |0
ok plain ~.026 {—,005 0 0 |-.00h
flapped ~.032 |0 G 0 10
29 plain -.023 {0 0 o lo
flapped 8] o] 0 0 |0

19



Notes

1, Sweep angles given are referred to quarter
chord line of airfoil sections,

2. Fore and aft location of root chord is
referred to uaAoC.lq'u

Sweep = -45°
Area = 335.5 sq ft
Aspect ratio = 3,12
Taper ratio = .38

32,38V ——————

6.'73‘1

Sweep = 0°
Area = 201.8 Bq f%

Agpect ratio = 4.62

Taper ratio = .55

————
~——

Sweep = 300

Ares = 268.4 sq ft
Aspect ratio = 4,84
Taper ratio = ,44

NATIONAL ADVISORY COMMITTER
FOR AERONAUTICS

Sweep = -30°
Area = 282.3 8q ft
Aspect ratio = 4,69
Taper ratio = .40

Figure 1.~ Geometric

Sweep = 45°

Area = 309,6 sq It
Aspect ratlo = 3,64
Taper ratio = 42

———
gl

characteristice of the swept wings.
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(a) Three~quarter rear view of 450 gwept-forward wing.

BE BT

Figure 2a to ¢,~ Views of the awept wings mounted on the rolling wing stand in the Ames 40~ by
BO~-foot wind tunnel.
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(v) Front view of 45° swept-back wing with =split flaps deflected 60°.

Figure 2.~ Continued.



{¢) Front

view of 30° gwept-back wing.

Figure 2.- Concluded.
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FIGURE [2.- CoMPARISON OF AUTOROTATIONAL
PLAIN WINGS AS DETERMINED EXPERIMENTALLY AND THEORETICALLY.
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